Abstract. Palynology is the study of microfossils composed of highly resistant organic matter called palynomorphs. In the sediments of neritic environments, palynomorphs may include cysts of dinoflagellates, phycoma of prasinophytes, organic linings of benthic foraminifers and thecamoebians, in addition to inputs from the terrestrial vegetation (pollen grains and spores) or the freshwater biota (chlorococcales). Marine palynology is thus used for characterizing the type of sedimentary environment, identifying the source of organic matter in the sediment, and weighting the relative importance of fluvial and pelagic inputs.
Introduction
The palynology is a science originally based on the observation of pollen grains and spores. Its early history dates from the end of the 17 th Century with description of pollen grains made after observations under magnifying lenses (early microscope). The first pollen description was probably made by the English botanist Nehemia Grew. Palynology was developed as a research discipline from 1916 with the works of Lennart Von Post (1884 -1951), a Swedish geologist who identified pollen grains at genera or species level in peat and established the first pollen diagrams to reconstruct vegetation and climate changes during the postglacial in northwest Europe.
The word « palynology » as such was introduced first in 1944 by the botanists Hyde and Williams from the Greek word palunein (= to sprinkle). In a strict sense, palynology is the study of pollen from plant flowers that is sprinkled as dust during the blooming season. In geology and paleobotany, the palynology has a much broader sense because the palynological slides prepared from sediments for the observation of pollen grains contain many other biogenic remains. By extention, palynology is the study of all organic-walled microfossils, also called palynomorphs (Table 1) , which are observed on slides after treatments for pollen analysis performed in soft or indurated sediment [1] . These treatments notably consist in chemical digestion of carbonate and silicate particles with hydrochloric and hydrofluoric acids in order to concentrate resistant organic remains.
Palynomorphs in marine sediments include biological remains related to pelagic production such as cysts of dinoflagellates, phycoma of prasinophytes, lorica and spores of tintinnids, and copepod eggs. They also include remains of benthic organisms, notably organic linings of benthic foraminifers and thecamoebians. Marine sediments from neritic zones also contain allochthonous palynomorphs originating from the terrestrial vegetation and the freshwater biota, i.e., pollen grains of spermatophytes, spores of pteridophytes, bryophytes and fungi, organic walls of chlorococcales, etc. Palynomorphs may also include reworked microfossils resulting from the erosion of sedimentary outcrops. An exhaustive overview of palynology sensu lato and applications in biostratigraphy and paleoecolgy has been published by Jansonius and McGregor [2] . Table 1 . List of microfossils recovered in sediments from continental margins (Palynomorphs in bold).
Palynological approaches can be used for studying most sedimentary environments since the preservation of palynomorphs is usually good, because palynomorphs occur throughout the Phanerozoic, and because palynological assemblages include several proxies or tracers that can be analyzed simultaneously. In marine sediments of the continental margins, palynological assemblages are generally characterized by high concentration and high taxonomic diversity. They permit assessment on the source of organic matter and reconstruction of productivity and hydrographical conditions. Palynological assemblages are useful for various applications dealing with environmental issues such as productivity, eutrophication and climate changes. They led to application dealing with the biostratigraphy and paleogeography of the Paleozoic to recent. This manuscript presents an overview of the palynological content of sediments from neritic environment and a few examples of applications, with emphasis on palynological tracers of biogenic fluxes and dinocysts as proxy for the reconstruction of oceanographical parameters. 
Palynological tracers of terrestrial fluxes and hydrological inputs
Palynological tracers of terrestrial inputs are numerous. They are usually dominated by pollen grains and spores from vascular plants (spermatophytes and pteridophytes) in addition to spores from bryophytes. Pollen and spores derive from more or less long distance through atmospheric transport by winds, and hydrodynamic transport through runoff, rivers and marine currents. In general, the long distance atmospheric transport results in very low fluxes and concentrations in sediments [3] . Moreover, the assemblages are distorted, with an overrepresentation of anemophilous taxa relative to entomophilous taxa. Anemophilous taxa which have the embryo fertilized by pollen transported by wind (instead of insects) are usually characterized by a high pollen production, and by grain having a saccate form (i.e., equipped with sac-like appendices) favourable for long distance dispersal by wind transport. This is the case of Pinus pollen grains, which are characterized by bisaccate morphology and generally dominate assemblages at offshore locations and even in polar ice [4] . Pollen analyses along a nearshore to offshore transect in the Labrador Sea have shown that atmospheric transport is accompanied with an asymptotic decrease of pollen concentration from the coastline and an increase of relative proportion of Pinus [5] . Detailed pollen studies from sediment collected along European continental margins also led to demonstrate that most of the pollen in marine sediments is due to fluvial inputs from adjacent lands, therefore allowing direct comparison with terrestrial palynostratigraphy [6, 7] . Thus, as a first approximation, most pollen and spores in marine sediments can be associated to runoff and fluvial transport from adjacent land.
Other palynological tracers of fluvial transport include freshwater algae such as Pediastrum and Botryococcus that belong to the Chlorococcales (Table 1) . A good example of the relationship between Pediastrum colonies and river discharge is provided by the analyses of surface sediment from the Arctic Ocean showing maximum concentrations in estuaries and deltas of the Beaufort, Laptev and Kara seas [8] .
In nearshore sediments where runoff and fluvial inputs result in high organic carbon content, all sorts of palynological debris from terrestrial origin can be recovered. They include spores and hyphae of fungi, lignous debris, stomata, charcoal particles, etc.
Palynological tracers of pelagic fluxes and productivity
The cysts of dinoflagellates are amongst the most abundant pelagic microfossils in marine sediments. In offshore settings the calcareous forms are often abundant providing that calcium carbonate is well preserved. In epicontinental seas, estuaries and in nearshore environments, the organic-walled taxa also currently called dinocysts are usually abundant with fluxes ranging up to thousands cysts.cm -2 .yr -1 [5, 9] . The assemblages show a relatively high diversity of species and the occurrence of both phototrophic and heterotrophic species. Dinocyst thus relate to both primary phytoplanktonic productivity and zooplanktonic production. The concentration of dinocysts is, however, not a direct tracer of productivity since they represent a fragmentary picture of phytoplankton. Only 10-20 % of taxa yield organic walled microfossils [10] . Moreover, phototrophic dinoflagellates constitute only a part of the primary production, diatom and coccolithophorids having usually more rapid growth rates. Nevertheless, since heterotrophic dinoflagellates feed on primary producers and notably on diatoms, the abundance of their cysts indirectly provides indication of primary productivity. Heterotrophic dinocysts are thus particularly abundant in upwelling environments [11] . Although concentrations and fluxes of dinocysts do not permit quantitative paleoproductivity estimates, the distribution of assemblages (i.e., the percentages of species) show close relationship with the net primary production [12] . Among palynomorphs related to pelagic production, Prasinophytes such as Tasmanites and Cymatiosphaera, occasionally occur in modern nearshore environments, but have been recorded in high abundances mostly in Pliocene or older sediments [1, 13] . Other palynomorphs related to pelagic environments includes lorica and spores of tintinnids that belong to ciliates and occur occasionally in sediments [14] . Copepod eggs are also occasionally observed in palynological slides [15] . In general, the abundance and taxonomic diversity of palynomorphs related to planktonic production is higher along the continental margins than in open ocean environments.
Palynological tracers of benthic productivity
The shell of most foraminifers is composed of calcium carbonate or agglutinated material. Some taxa also possess shell with fossilisable organic lining in the inner part. The linings recovered in palynological preparations are often called microforaminifers. Organic linings of foraminifers characterize several calcareous and agglutinated benthic foraminifer taxa [16, 17] . In vitro dissolution of foraminifer shells led to identify some of the taxa that produce organic linings (cf. Table 2 ). These palynomorphs relate to a benthic production. Their occurrence in palynological slides often results from dissolution of foraminifer shells composed of CaCO 3 . The ratio of organic linings to calcareous shells has been used as dissolution index [16] . 
Tracing the origin of organic matter
Among palynomorphs, the most common terrestrial inputs are pollen grains whereas dinocysts usually dominate fluxes of pelagic origin. On this basis, the pollen vs. dinocyst ratio can be used as index of the terrestrial component in sediment. Example is provided by the analyses that were performed in the Laurentian channel throughout the St. Lawrence Estuary-Gulf estuarine system [18] . The palynological analyses show that pollen/dinocyst ratio decreases from land to ocean, parallel to an increase of δ 13 C in organic matter ( Figure 1 ). Both proxies show an upstream-downstream gradient that relates to the decrease of terrestrial contribution relative to marine fluxes towards the end member of the estuarine system. Pollen/dinocyst ratio can thus be used as terrestrial vs. marine input or "continentality" index. 
Reconstructing sea-level changes
Based on the respective occurrence of terrestrial and marine palynomorphs, it is possible to assess on the freshwater vs. marine character of sediments, thus to reconstruct changes in sea-level. One example is presented in Figure 2 . It is from the Lake Bras d'Or, which is a marine water body of Nova Scotia, eastern Canada. The lake is connected to the Atlantic Ocean by a sill about 8 meters deep. The analyses of sediments from core 85-036-016 show an important transition in palynological assemblages and isotopic composition of organic matter at 1.6 meters. Below 1.6 m, the palynological assemblages relate to freshwater biota with abundant spores of aquatic plants, chlorococcale remains and freshwater dinoflagellate cysts. Above 1.6 m, freshwater taxa disappear and the assemblages are dominated by marine dinocysts [19] . The freshwater to marine transition identified from palynological assemblages coincides with an important shift in δ 13 C of organic matter, which also indicate relative increase of marine pelagic production relative to terrestrial input [20] . The date of the transition is about 4000 years BP. Therefore, assuming the sill depth remained unchanged, one may calculate mean relative sea-level rise of about 20 cm per century [19, 20] . In the context of Eastern Canadian margins, the relative sea-level variation is linked with the postglacial isostatic rebound at the periphery of the Laurentide Ice Sheet that reached maximum extension about 21 000 years ago. [19] , and organic carbon content and isotopic composition [20] of core 85-036-016P collected in the Lake Bras d'Or, Cape Breton Island, Nova Scotia (for site location, see blue square in Figure 1 ). The basin is connected to the sea through a channel having its sill at 8 meters below present sea-level. The freshwater to marine assemblage transition occurred at about 4000 years BP, which indicate local sea-level rise of about 0.2 cm per year.
Identifying floods
Palynological analyses permit the identification of changes in sedimentary regime and dramatic sedimentary events, such as flood and debris flow. In general, flood event would be characterized by reworked material from terrestrial origin and limited pelagic inputs. Such is the case, for example, of the flood layer associated with the 1663 earthquake that is observed in the Saguenay fjord, adjacent to the St. Lawrence Estuary [21] .
Evaluating calcium carbonate preservation
Some benthic foraminifer species produce organic linings (OL) that fossilize as palynomorphs and could be used as proxy of both benthic production and calcium carbonate preservation (see section 2.3). The ratio of organic linings to calcareous shells (OL/CS) has been used to assess on CaCO 3 dissolution in estuarine and deep sea environments [16, [21] [22] . For example, the OL/CS ratio provided evidence of deepening of the lysocline depth at the transition from the last glacial to interglacial in the Gulf of Alaska, subpolar North Pacific [22] . As another example, close to infinite OL/CS ratio in Holocene sediment of subarctic Baffin Bay relates the establishment of shallow calcium compensation depth during the present interglacial [16] . The OL/CS ratio is a proxy for CaCO 3 preservation that may vary with large scale changes of ocean circulation and chemical properties of sea water. However, synsedimentary and postsedimentary diagenetic processes also play an important role. Moreover, sampling artefact cannot be discarded, especially in the case of organic rich sediments. When opening the core, the availability of O 2 can result in oxidation of organic matter with production of CO 2 , which thus lower the pH and affect the CaCO 3 preservation. Similarly, organic rich sediment often contains FeS, which produces sulphuric acid at the contact with the air, thus lowering the pH and dissolving carbonate. Reproducibility tests have demonstrated that sampling procedures and sediment storage may differentially affect the preservation of calcium carbonate [17] .
Dinocysts as proxy of hydrographical conditions and productivity

Biology of dinoflagellates and their cysts
Dinoflagellates are microscopic unicellular organisms belonging to the division of Dinoflagellata [23] . Their populations develop in most types of aquatic environments, from lakes to open ocean, and from equatorial to arctic settings. Dinoflagellates have various trophic behaviour, some being phototrophic, other being heterotrophic or mixotrophic, while some are symbionts (zooxanthellae) of marine invertebrates such as corals for example. When blooming, dinoflagellates can cause red tides. Because a few species produce neurotoxines that may be concentrated by filtering organisms such as shellfish, red tides are an issue for fisheries.
Most dinoflagellates have a complex life cycle involving several stages, asexual and sexual, motile and non-motile. During the course of the sexual reproduction, many dinoflagellate form a diploid cell protected within a cyst, which permit survival of the organism during a dormancy period of variable length [23] . The cyst of many species is composed of highly resistant organic matter, similar in composition to the sporopollenin of pollen grains. The organic-walled cysts also called dinocysts were previously known as "hystrichospheres" in the paleontology literature.
Organic walled dinoflagellate cysts or dinocysts represent dormancy stage in relation with sexual reproduction. They provide a fragmentary picture of original populations. 
Dinocyst distribution in relation with environmental parameters
Fossil dinocysts are mostly known from marine sediments, and appear to be particularly abundant along continental margins, in estuaries, epicontinental seas, continental shelves and slopes. Dinocysts were widely used in biostratigraphy and paleoecology of the Mesozoïc and Tertiary. In the fields of paleoecology and environmental sciences, the study of dinocysts is of growing interest. Because they are very resistant, dinocysts are generally well preserved in sediment despite dissolution that may affect calcareous or siliceous biological remains. Moreover, the development of reference databases from the analysis of surface sediment samples [12, [24] [25] [26] [27] permitted to document close relationships between the distribution of dinocyst assemblages and sea-surface parameters. For several years efforts have been made for standardization of laboratory procedures and taxonomical nomenclature in order to establish a dinocyst assemblage database for quantitative data treatments. The standardized Northern Hemisphere database includes a total of 64 taxa (see database on the GEOTOP website) and close to 1200 reference sites allowing multivariate analysis. Canonical correspondence analyses were performed on assemblages (the percentages of the 64 taxa) and oceanographic parameters: (seasonal and annual productivity, winter and summer temperature and salinity, sea-ice cover). The results demonstrated that temperature exerts a primary control on the distribution of assemblages. They also show that all the above mentioned parameters are determinant [12, [25] [26] [27] and that they are not inter-correlated, except the summer and winter salinity (see Figure  5) . The analyses performed on regional databases, i.e., North Pacific, Arctic and North Atlantic illustrate distinct weighting of taxa depending upon the region analyses [12, 28] , suggesting some regionalism in the distribution of taxa and their relations to hydrographic conditions. For example, the eastern North Pacific dinocyst distribution appears to be first determined by productivity, which seems logical since the oceanography is largely controlled by upwelling intensity [12] . As another example, the salinity is most determinant in the northwest domain of the North Atlantic, which is also consistent taking into account the large salinity gradient that are observed [28] .
The World distribution of dinocysts is known from various studies which were summarized by Marret and Zonneveld [25] . It shows distinct assemblages in mid-high latitudes of Northern and Southern Hemispheres [27, 29] and suggests evolution and extinction of species that differ in high latitudes of the Northern and Southern Hemisphere. In view of the general decline in the number of dinocyst species during the late Cenozoic in the Northern North Atlantic [30] , one may hypothesize a relation between the regional appearance-disappearence of dinocyst taxa and the large amplitude climate changes at the onset of continental glaciations.
Transfer functions applied to dinocyst assemblages for paleoceanographical reconstruction
Various transfer functions techniques [31] have been tested with dinocyst databases. To date, the modern analogue technique (MAT) seems to be the most appropriate for quantitative reconstruction of past oceanographical conditions. MAT is based on the similarity between fossil and modern spectra and assumes that fossil assemblages developed in environmental conditions similar to their modern analogues. Unlike calibration approaches such as the artificial neural network and the Imbrie and Kipp technique, MAT does not use a defined relationship between assemblages and environmental parameters. In this sense, MAT is not susceptible of extrapolation and should give robust results inasmuch as good analogues exist.
Most studies using paleoceanographical reconstructions based on dinocysts followed the same procedures [26] , which include the log transformation of taxa occurrence prior to search for analogues in the reference database. Such a transformation is necessary to emphasize the weight of accompanying taxa, which often have narrow ecological affinity whereas the most abundant taxa are often ubiquitous. MAT using the R software [http://www.r-project.org] have been adapted by Guiot from PPPbase [32; http://www.imep-cnrs.com/pages/3pbase.htm]. Table 3 . Accuracy of past sea-surface condition estimates based on MAT applied to dinocyst assemblages. The results are from the Northern Hemisphere database (n = 1171 sites and 64 taxa; data available in paleoceanographic data pages under the GEOTOP webpage (www.GEOTOP.ca; cf. also references 12 and 25)). "r 2 " refers to the coefficient of correlation between observed and estimated values and the RMSE is the error in the reconstruction, which corresponds to the standard deviation (1σ) of the difference between observed and estimated values. Validation tests are made to evaluate the performance of the approach and to calculate the error of prediction (see Table 3 ). The reliability of the approaches is given by the coefficient of correlation (r 2 ) between observed and estimated values, whereas the accuracy is provided by the root mean square error (RMSE) that corresponds to the standard deviation of the difference between observed and estimated value. In the case of the Northern Hemisphere database, the error of the reconstruction is close to the standard deviation of instrumental values.
Parameter
The application of MAT to dinocyst assemblages has permitted reconstruction of hydrographic conditions (temperature, salinity, sea ice) for times series of the Pleistocene and Holocene, mostly in middle to high latitudes of the Northern Hemisphere [26] , but also in the northern Pacific [26] and southern Ocean [28] . It has also been used for mapping oceanographical conditions (salinity, temperature, sea-ice in the northern North Atlantic Ocean during the last glacial maximum, about 21 000 years ago [26] .
Examples of applications of marine palynology and dinocyst studies
In neritic environments, applications of dinocyst studies include the evaluation of productivity changes in relationship with recent eutrophication, and the reconstruction of sea-surface temperature and salinity conditions. Applications also include the study of harmful algal blooms since a few dinocyst taxa relate to toxic species. Two examples are presented below, one from the estuarine system of the St. Lawrence River, eastern Canada. The other is from the Pacific coast of Mexico.
Eutrophication in the Estuary of St. Lawrence
In the Estuary of St. Lawrence, decreasing concentration of dissolved oxygen in bottom water is a source of concerns [32] . It has been proposed that the recent lowering of dissolved oxygen is related to increased primary productivity and consumption of oxygen through oxidation of organic matter. In order to investigate the cause of recent hypoxia and to verify the hypothesis of recent eutrophication and increase of carbon fluxes in the lower Estuary of St. Lawrence, palynological and geochemical analyses were carried out on box core sediments [33] . Results show an increase in the accumulation rate of dinocysts over the last decades together with an increase in organic carbon content and a shift in the isotopic composition of organic carbon, strongly suggesting increased primary productivity and organic carbon fluxes to the sea floor ( Figure 6 ). The application of MAT to dinocyst assemblages also suggests increased production after 1970 AD. In this case, the data corroborate that increased productivity in the Estuary of St. Lawrence may have played a role in the eutrophication and hypoxia starting after 1970 AD. However, the data also show large amplitude variations through time, which suggest important variation of productivity due to natural forcing. Figure 6 -Organic carbon content, isotopic composition of carbon, palynological assemblages [33] and estimates of primary productivity [12] from core AH00-2220 collected in the St. Lawrence Estuary (see red square in Figure 1 for core location). 
Harmful algal bloom along the Mexican coasts
Harmful algal blooms (HABs) and red tides are a source a concern, especially in coastal areas where the marine resources are economically important such as those of Mexico [34] . Many taxa responsible for HABs are dinoflagellates and a few of them are known to produce cysts, which could generate blooms decades after their settling. Thus, dinocysts in sediments deserve special attention since they may help identifying areas susceptible to HABs and permit investigation of the HAB history beyond human observations. As an example, the study performed in a core collected in the Gulf of Tehuantepec along the western Mexican margin has shown abundant dinocysts with fluxes ranging up to 500 cysts cm −2 yr −1 and continuous occurrence of the toxic HAB species Polyspaeridium zoharyi (the cyst of Pyrodinium bahamense) over the last two centuries [35] . 
Conclusion
Almost all biota provide organic remains preserved in sediment as palynomorphs, which can be used as tracers of the origin of biogenic fluxes and permit characterizing past depositional environments. This is particularly useful in littoral, shelf and estuarine settings, where changes in hydrological regime, sea-level, hydrographical conditions in addition to the anthropogenic activity may affect the sedimentary dynamics and productivity in pelagic and benthic environments.
Marine palynology therefore allows many applications in environmental sciences and geosciences. In particular, dinocysts provide information on hydrographical changes, productivity variations, and red tides in the past, which are important issues to address for evaluating the natural variability of the coastal environments and distinguishing the impact of anthropogenic forcing. 
